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clearly do have a period of primary
intersubjectivity [9], which appears
to last for a few weeks after birth;
chimpanzees have a period of primary
intersubjectivity, which appears to
last several months after birth;
humans have a period of primary
intersubjectivity, which lasts through
the first half year of life. The
developmental period when primary
intersubjectivity is active appears to
differ dramatically across primates,
and perhaps relates to differences
in the complexity and/or flexibility
of communication.
Primary intersubjectivity may
function similarly across primates,
allowing for emotional engagements
in support of early communicative
interactions. Psychologists were
surprised by the discoveries of primary
intersubjectivity in human infants.
Even developmental psychologists,
however, were surprised by the
discoveries of primary intersubjectivity
in chimpanzees. Now it is comparative
psychologists and biologists who
are challenged to become engaged
with this important discovery of
primary intersubjectivity in rhesus
macaques [9]. These findings
support the conclusion that primary
intersubjectivity evolved more than
30 million years ago in a common
ancestor of Old World monkeys,
apes, and humans.
References
1. Meltzoff, A., and Moore, M.K. (1977). Imitation
of facial and manual gestures by human
neonates. Science 198, 75–78.
2. Bullowa, M. (1979). Before Speech: The
Beginnings of Interpersonal Communication
(New York: Cambridge University Press).
3. Trevarthen, C., and Aitken, K.J. (2001). Infant
intersubjectivity: Research, theory, and clinical
applications. J. Child Psych. Psychiatry 42,
3–48.
4. Abry, C., Vilain, A., and Schwartz, J.-L. (2009).
Vocalize to Localize (Amsterdam: John
Benjamins).
5. Zlatev, J., Racine, T.P., Sinha, C., and
Itkonen, E. (2008). The Shared Mind:
Perspectives on Intersubjectivity
(Amsterdam: John Benjamins).
6. Nadel, J., and Butterworth, G. (1998). Imitation
in Infancy (Cambridge, UK: Cambridge
University Press).
7. Braten, S. (1998). Intersubjective
Communication and Emotion in Early
Ontogeny: A Source Book (Cambridge, UK:
Cambridge University Press).
8. Bruner, J. (1995). From joint attention to the
meeting of minds: An introduction. In Joint
Attention: its Origins and Role in Development,
C. Moore and P.J. Dunham, eds. (Hillsdale, NJ:
Erlbaum), pp. 1–14.
9. Ferrari, P.F., Paukner, A., Consuel, I., and
Suomi, S. (2009). Reciprocal face-to-face
communication between rhesus macaque
mothers and their newborn infants. Curr. Biol.
19, 1768–1772.
10. Steiper, M.E., and Young, N.M. (2006). Primate
molecular divergence dates. Mol. Phylogenet.
Evol. 41, 384–394.
11. Bard, K.A., Myowa-Yamakoshi, M.,
Tomonaga, M., Tanaka, M., Costall, A., and
Matsuzawa, T. (2005). Group differences in the
mutual gaze of chimpanzees (Pan troglodytes).
Dev. Psych. 41, 616–624.
12. Ferrari, P.F., Visalberghi, E., Fogassi, L.,
Ruggerio, A., and Suomi, S.J. (2006). Neonatal
imitation in rhesus macaques. PLoS Biol. 4,
1501–1508.
13. Ferrari, P.F., Paukner, A., Ruggiero, A.,
Darcey, L., Unbehagen, S., and Suomi, S.J.
(2009). Interindividual differences in neonatal
imitation and the development of action
chains in rhesus macaques. Child Dev. 80,
1057–1068.
14. Myowa-Yamakoshi, M., Tomonaga, M.,
Tanaka, M., and Matsuzawa, T. (2004). Imitation
in a neonatal chimpanzee (Pan troglodytes).
Dev. Sci. 7, 437–442.
15. Bard, K.A. (2007). Neonatal imitation in
chimpanzees (Pan troglodytes) tested with two
paradigms. Anim. Cogn. 10, 233–242.
16. Maestripieri, D. (2003). Primate Psychology
(Cambridge, MA: Harvard University Press).
17. Suomi, S.J. (2004). How gene-environment
interactions influence emotional development
in rhesus monkeys. In Nature and Nurture: the
Complex Interplay of Genetic and
Environmental Influences on Human Behavior
and Development, C. Garcia Coll, E.L. Bearer,
and R.M. Lerner, eds. (Mahwah, NJ: Erlbaum),
pp. 35–51.
18. van Lawick-Goodall, J. (1968). The behaviour of
free-living chimpanzees of the Gombe Stream
Nature reserve. Anim. Behav. Monogr. 1,
161–311.
19. Panksepp, J. (1998). Affective Neuroscience:
The Foundations of Human and Animal
Emotions. (Oxford: Oxford University Press).
20. Fragaszy, D.M., and Bard, K.A. (1997).
Comparisons of development and life
history in Pan and Cebus. Int. J. Primatol.
18, 683–701.
Centre for the Study of Emotion, Department
of Psychology, University of Portsmouth,
Portsmouth, PO1 2DY, UK.
E-mail: kim.bard@port.ac.uk
DOI: 10.1016/j.cub.2009.09.037
Dispatch
R943Microbial Evolution: Enforcing
Cooperation by Partial Kin Selection
How do bacterial cells mediate effective cooperation? A new paper suggests
two routes: converting the uninitiated to their cause by lateral gene transfer,
and enforcing cooperative behavior by killing revertants.
Jeffrey G. Lawrence
The first century of post-Pasteur
microbiology saw rapid movement
to investigate the properties and
capabilities of microorganisms,
elucidating their roles in fermentation,
nitrogen fixation, photosynthesis,
decomposition and pathogenesis. The
strength of these studies stemmed
from isolated cultivation of candidate
organisms so that their contributions
could be assessed independent of
interactions with, or interference from,
surrounding cells. Indeed, one of
Koch’s postulates requires that an
infecting bacterium should be able
to initiate the course of the disease
it is attributed to causing.
Yet not all biological processes can
be explained through the actions of
organisms acting alone. Over the past
few decades, microbiologists have
embraced a view ofmicrobeswithin the
context of their communities, where
they act as members of multicellular
consortia capable of actions and
impacts unachievable by individuals.
Density-dependent signaling is
often observed in single species
communities, such as the coordinated
production of light by Vibrio within
host squids [1]. Signaling between
Myxobacteria cells allows them to
act as coordinated swarms in the
digestion of shared food sources
and creation of fruiting bodies [2].
Developmental cooperation has
been extended to bacteria
traditionally regarded as soloists,
such as natural isolates of Bacillus
subtilus acting to create complex
fruiting bodies [3]. Both intraspecific
and interspecific cooperation is
seen among biofilm and microbial
mat partners — for example,
during interspecies hydrogen
transfer — and interspecies
communication may spur the
production of alarmones such as
Autoinducer 2 [4].
Nogueira et al. [5], reporting in this
issue of Current Biology, have pushed
this idea even further, examining the
cooperative use of proteins using
Escherichia coli as a model system.
Bacteria produce a wide range of
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or excreted into, the external
environment. Like other functions, the
benefits reaped by the cell — such as
degradation of foodstuffs too large
or too dangerous to import,
acquisition of difficult-to-acquire
nutrients, or interaction with eukaryotic
cells — must outweigh the costs of
performing them. As these proteins act
outside of the cells, multiple cells may
cooperate together, sharing the costs
and reaping potentially synergistically
larger benefits. Thus, secreted proteins
are considered ‘public goods’ which
can benefit multiple members of the
bacterial community.
Yet such public goods provide
benefits to all physically-proximate
organisms, while conferring costs only
on the organisms that produce them
(Figure 1). Organisms that benefit from
public goods while not contributing
to their costs are commonly termed
‘cheaters’. The presence of cheaters
can reduce the benefits enjoyed by
the cooperating cells. If the benefits
fall below the costs incurred, the
cooperating behavior cannot be
maintained by selection and the
genes encoding these functions will
be lost. Models for the maintenance
of cooperative behavior among
unrelated individuals face the same
hurdle: how to curtail exploitation of
the system by cheaters who do not
pay their entry fee (donation of
public goods) but reap the benefits
provided by others.
One way to circumvent this problem
is for cooperation to occur between
related individuals. Providing a benefit
to related organisms increases one’s
own ‘inclusive fitness’ [6,7]. This
phenomenon is termed ‘kin selection’
and explains remarkable examples of
cooperation in both eukaryotes —the
communal lifestyle of social insects,
for example — and prokaryotes [8].
Nogueira et al. [5] add a twist to this
line of reasoning by speculating that
cooperating organisms may convert
‘cheaters’ into well-behaved
community members via horizontal
gene transfer: the rampant exchange
of genes within and across species
boundaries. In this scenario, cheaters
do arise, but they can be converted
into in-group members when genes
encoding cooperative functions are
mobilized between cells. Gene transfer
serves to increase the relatedness
of group members, allowing kin
selection to explain the maintenance
of cooperative behavior that is too
costly to explain otherwise.
Nogueira et al. [5] tested their case
using the rich within-species dataset of
20 complete genome sequences from
strains of E. coli. Here, cooperation
is equated to the common use of
excreted proteins. The primary piece
of evidence offered is that genes
encoding secreted products — that
is, those shared among multiple
individuals — are apparently lost and
regained far more often than genes
encoding private, cytoplasmic
proteins. Therefore, the authors
conclude that the transfer of genes
between individuals reinforces
cooperation by increasing the
relatedness of potentially cooperating
individuals; while cooperating
individuals could be distantly-related
strains or even members of different
species, they would share the
genes encoding the cooperative
behavior, thus allowing kin selection
to operate.
This is an interesting observation,
and consistent with the scenario
described. Nogueira et al. [5]
uncovered a clear gradient in protein
cost, whereby excreted proteins
preferentially utilize amino acids which
are less expensive to synthesize than
periplasmic proteins, and periplasmic
proteins are more expensive to
synthesize than cytoplasmic proteins;
a similar gradient holds true for
membrane proteins. This gradient in
cost reflects the ability of a cell to
recover a protein and recycle it.
While this does not speak directly to
whether the cell cooperates with
its neighbor — a bacterium that is
acting alone in excreting an exoenzyme
will fail to recover that protein for
recycling and would be better served
by using more inexpensive parts — it
does strongly suggest that the
cost/benefit ratio of secreted proteins
lies very close to the ‘tipping point’,
so that reducing biosynthetic
costs provides a significant
Public goods
Invasion by
non-contributing
cheaters
Conversion of
cheaters via
gene transfer
Public goods
Public goods
Public goods
Public goods
Loss of genes
for cooperative
function
Addiction modules
prevent gene loss
G
ene tra
n
sfe
r
Current Biology
Figure 1. A model for bacterial cooperation driven by horizontal gene transfer and maintained
by addiction modules.
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recovery (via kin selection) could move
the cost/benefit ratio across the tipping
point.
Kin selection is very likely to be
a strong force helping maintain genes
encoding secreted factor even in the
absence of gene transfer. Bacteria
are not randomly mixed; E. coli’s
neighbors in the intestinal lumen will
be brethren produced from common
(great)n-grandparents. Because cell
division places daughter cells adjacent
to one another, ‘public goods’ will
be shared most frequently between
members of a clone. The mechanistic
question posed by Nogueira et al.’s [5]
model is whether gene transfer
can convert neighboring cells into
‘relatives’ at a rate sufficient to
minimize their depletion of the public
goods. It is not clear that individual-
level selection is not sufficient to
explain the data. First, we expect
the genes under strong selection to
be retained most readily; these would
fail to show a history of loss and
reacquisition. Genes under weak
selection would be those detected
by Nogueira et al. [5], and these may
be biased towards those encoded
secreted proteins since their cost is
large relative to their diluted benefits.
Alternatively, genes encoding external
and secreted proteins are often subject
to frequency-dependent and/or
diversifying selection, both of which
may lead to gene loss and reacquisition
[9]. It is very difficult to determine if the
benefits recovered by individual cells
fail to exceed the costs, therefore
requiring kin selection to make up
the difference. There is an association
between genes encoding secreted
proteins and integrases and they areVisual Maps: To M
Merge
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extreme developmental reorganization
maps demonstrate a surprisingly flexib
loss.
Alyssa A. Brewer
Primate visual cortex consists of
multiple maps of visual spacemore often found in recombination
‘hotspots’. This would be expected
if this were a mechanism for gene
reacquisition, following from their
first observation. Yet it does not
address the question of relative
cost and benefit.
How is cooperation enforced? If kin
selection were to provide sufficient
benefit to maintain cooperation, then
enforcement is not necessary. Yet
Nogueira et al. [5] offer an addition
route, whereby addiction modules
weed out cheaters. These genetic
elements are easily acquired but
difficult to lose, as their deletion from
the genome can be lethal (hence
‘addiction’ of the cell to their
presence) [10]. A common example is
bacterial restriction/modification
genes: acquisition of the genes is easy,
but sudden loss can be lethal as
the longer-lived restriction enzyme
begins to degrade genomic DNA that
is left unprotected by its cognate
modification enzyme. The authors
find an association between genes
encoding secreted proteins and those
belonging to addiction modules.
Therefore, sudden loss of genes
encoding social traits could also
remove the addiction module, resulting
in cell death; thus, this association
enforces cooperation by preventing
recidivism (Figure 1). The association
between social genes and addiction
modules may simply reflect the transit
of both elements on extrachromosomal
elements; it remains to be seen if
a social gene’s proximity to an
addiction module has a meaningful
impact on its frequency in the
population.
As a whole, Nogueira et al. [5] do not
clearly demonstrate that horizontalerge or Not To
cerebral hemisphere has revealed an
of visual cortex. Self-organizing visual
le restructuring in response to cortical
which follow the organization of the
retina — hence these maps are
termed retinotopic [1]. Under normal
conditions, these retinotopic mapsgene transfer drives cooperation
among bacteria. But that is also
a very tall order. What they have done
is provide an intriguing analysis
that forces microbiologists both
to examine forces leading to gene
persistence in populations and
to reconsider gene function solely
in the context of individual cells.
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there are several examples of
how these retinotopic cortical
maps can be altered by genetic
mutations and/or early visual
experience [2–4]. A recent study by
Muckli et al. [5] provides a striking
illustration of the flexibility of the
development of these retinotopic
maps in human visual cortex. In
their case study, a 10 year old girl
presents with a congenital loss
of her right cerebral hemisphere
but with a visual field of view that
